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A B S T R A C T
A primary goal of the Near-Earth Asteroid Rendezvous (NEAR) mission was to compare the elemental
composition of the S-type asteroid 433 Eros to the chemical compositions of meteorites, with the speciﬁc
objective of testing the hypothesis that the S-type asteroids are the source of the ordinary chondrite (OC)
meteorites. To that end, NEAR carried an X-ray and Gamma-ray Spectrometer (XGRS) to measure the
elemental composition of Eros from orbit. To date, no Eros-originating signal had been reported in GRS orbital
measurements, a consequence of NEAR's high orbital altitudes about Eros. A reanalysis of the NEAR GRS
orbital dataset, particularly data collected during a series of low-altitude ﬂyovers, has ﬁnally revealed the ﬁrst
positively identiﬁed gamma-ray signals from Eros. This dataset, which amounts to just ~10 h of data collection,
was used to produce the ﬁrst GRS-derived global elemental composition values. Results include the ﬁrst
absolute concentrations of Fe and Th, and the ﬁrst global K concentration. The data conﬁrm prior conclusions
that the elemental composition of Eros' surface is inconsistent with achondritic and volatile-rich carbonaceous
chondritic compositions. In contrast, ordinary chondrites, volatile-poor carbonaceous chondrites, and enstatite
chondrites have compositions that are consistent with Eros' gamma-ray emissions. When placed in the context
of other gamma-ray spectrometer investigations, this analysis indicates that successful gamma-ray spectroscopy
investigations require extended periods of time (≥10 days) at orbital altitudes less than or equal to the radius of
the target body.
1. Introduction
A primary goal of the Near-Earth Asteroid Rendezvous (NEAR)
mission was to test the hypothesis (Wetherill, 1985; Wetherill and
Chapman, 1988) that the S-type asteroids are the source of the
ordinary chondrite (OC) meteorites. To that end, NEAR spent one
year in orbit about the S-type asteroid 433 Eros, where it carried out a
comprehensive investigation that included geochemical and mineralo-
gical measurements with an X-ray and Gamma-Ray Spectrometer
(XGRS), a Multi-Spectral Imager (MSI), and a Near-Infrared
Spectrometer (NIS). Initial analyses of data acquired by these instru-
ments led to the identiﬁcation of chemical and mineralogical simila-
rities between Eros and the OCs (see McCoy et al. (2001) and
references therein). Subsequent re-analyses of XGRS data (Foley
et al., 2006; Peplowski et al., 2015) strengthened this link, further
reﬁning the match to the L (low-Fe) and LL (low Fe, low metal) OC
petrologic subtypes. Contemporaneous studies of dust particles from
the S-type asteroid 25143 Itokawa revealed a chemical composition
that is indistinguishable from thermally metamorphosed LL OCs
(Nakamura et al., 2011; Yurimoto et al., 2011), suggesting that the
link between the S-type asteroids and OCs may be ubiquitous.
Among the major and minor elements measured by XGRS, Fe is
particularly useful for discriminating between meteorite clans and
groups – especially between the LL, L, and H (high Fe) OCs. XGRS x-
ray data have been used to derive global Fe/Si weight ratios for Eros
(Trombka et al., 2001; Nittler et al., 2001, Foley et al., 2006; Lim and
Nittler, 2009). XGRS gamma-ray data, acquired on the surface of Eros,
were used to derive Fe/Si and Fe/O weight ratios at the NEAR landing
site (Evans et al., 2001; Peplowski et al., 2015). The most recent values,
Fe/Si=1.7 ± 0.3 (x-ray, one-standard-deviation uncertainty; Lim and
Nittler, 2009) and 1.2 ± 0.3 (gamma ray, two-standard-deviation
uncertainty; Peplowski et al., 2015) are inconsistent, and lead to
ambiguity relating the compositions of OCs to Eros’ chemical composi-
tion. Speciﬁcally, the Fe/Si value derived from x-ray data falls within
the range reported for the H OCs, whereas the Fe/Si and Fe/O values
derived from gamma-ray data are consistent with the L and LL OCs. It
is unlikely that Eros hosts a measurable mixture of H, L, and LL OC-
like materials, as oxygen isotope ratios for the H, L, and LL OCs
indicate that they originated from distinct parent bodies (Clayton,
1993). As a consequence, it is probable that one (or both) of the XGRS
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Fe measurements is erroneous.
Peplowski et al. (2015) suggested that the discrepancy between the
XGRS Fe measurements was due to an uncorrected systematic error in
the analysis of the x-ray data, resulting from an uncorrected phase-
angle dependence in measured Fe x-ray intensities. This error was ﬁrst
suggested by Okada (2004), and its importance was subsequently
demonstrated by Weider et al. (2014), who observed and corrected
this eﬀect using MESSENGER x-ray spectrometer data. The NEAR x-
ray data suﬀer from a small sample size and large relative uncertainties
that prohibited identifying (Lim and Nittler, 2009) and correcting this
systematic variability. As a result, the accuracy of the XRS-derived Fe
concentrations is uncertain.
The discrepancy between the XGRS-derived Fe measurements can
also be attributed to the fact that gamma-ray derived Fe concentrations
(Peplowski et al., 2015) were calculated from data acquired at the
NEAR landing site and therefore may not reﬂect Eros' global composi-
tion. The landed GRS measurement sampled just ~1 m3 of the surface,
located within a “ponded regolith deposit” (Veverka et al., 2001).
Robinson et al. (2001) suggested that the composition of the ponded
material may not be representative of the mean composition of Eros'
surface. Orbital GRS measurements provide a means of circumventing
the sampling limitation of the landed GRS measurements, however the
orbital measurements suﬀer from poor signal-to-background (Trombka
et al., 2001; Evans et al., 2001) and, to date, no unambiguous gamma-
ray signal from Eros has been identiﬁed in the GRS orbital dataset.
This paper presents a new analysis of orbital GRS data. Previously
unexamined measurements, collected during a series of low-altitude
ﬂyovers that repeatedly brought the NEAR spacecraft close enough to
Eros to sample gamma-ray emissions from the asteroid's surface, are
used to identify the ﬁrst gamma-ray signals from Eros in the orbital
GRS dataset. These measurements are used to constrain the global
elemental composition of Eros by comparison to expected gamma-ray
signals from common solar system materials.
2. Near gamma-ray spectrometer dataset
2.1. Instrument overview
NEAR's X-ray and Gamma-ray Spectrometer (XGRS; Goldsten
et al., 1997) was designed to characterize the chemical composition
of 433 Eros by measuring element-characteristic x-ray and gamma-ray
emissions from the surface. XGRS was in practice two distinct
subsystems – an X-Ray Spectrometer (XRS) and a Gamma-Ray
Spectrometer (GRS). The analysis presented here relies on data from
the GRS subsystem. GRS consisted of an inner sensor, a 2.54×7.62 cm
cylinder of NaI scintillator, surrounded by an outer sensor composed of
a 8.9×14 cm hollowed (cup-shaped) cylinder of BGO (Be4Ge3O12)
scintillator. The NaI sensor was located within the BGO sensor, which
served as an anti-coincidence shield (ACS) that both passively and
actively (via coincidence vetoing) removed background signals from the
NaI measurements. The BGO surrounded all but one side of the NaI
cylinder, and this unobstructed side produced a boresight with a ~50°
wide ﬁeld of view that was co-aligned with NEARs other instruments,
and was therefore generally asteroid facing during the mission.
As the higher energy resolution (8.7% full-width half maximum,
FWHM, at 662 keV) system, the NaI sensor was expected to provide
the highest quality data from GRS. The principal function of the BGO
sensor was to reduce spacecraft-originating gamma-ray backgrounds in
the NaI measurements via anti-coincidence and pair production
modes. These functions are less dependent on good energy resolution,
and the BGO FWHM energy resolution of 14% at 662 keV is notably
worse than that of the NaI.
Despite its poor energy resolution, the GRS BGO data have several
advantages over the NaI measurements. BGO has higher (~2×)
intrinsic gamma-ray detection eﬃciency than NaI. Additionally, the
BGO sensor (~5 kg) was an order-of-magnitude larger than the NaI
sensor (~140 g). Taken together, the BGO sensor is ~10× as sensitive to
gamma rays from Eros as the NaI, although the lower signal-to-
background of the BGO negates this somewhat. Additionally, the
BGO has a less restrictive ﬁeld of view than the NaI. Recognizing these
advantages, Peplowski et al. (2015) performed a new calibration of the
BGO sensor using an engineering model of the NEAR GRS, and
subsequently used BGO data acquired on the surface of Eros to
improve the elemental composition data derived from GRS surface
measurements. This study builds on that eﬀort, using the now
established response of the BGO sensor to study gamma-ray signals
measured by GRS from orbit about Eros.
2.2. Data products
Following orbit insertion about Eros, GRS recorded a time series of
gamma-ray pulse height spectra for both its inner NaI detector (raw,
anti-coincidence, ﬁrst escape, and second escape spectra) and its outer
BGO detector (raw only). Data were usually collected in integration
periods of either 1200 or 2400 s, with the shorter integration periods
typically applied to the lowest altitude orbits (50 km or less). Each
spectrum is accompanied by auxiliary information, including ephe-
meris (e.g., sub-spacecraft point latitude and longitude at the midpoint
of the integration period; average distance to surface during an
integration period, hereafter denoted as altitude) and instrument
housekeeping information (e.g. detector livetime, high voltage status).
All GRS data used here were derived from NEAR GRS calibrated data
records (CDRs), publically available data that are archived in the Small
Bodies Node of the NASA Planetary Data System (http://sbn.pds.nasa.
gov).
2.3. GRS dataset quality
2.3.1. Mission phases
The GRS operated near-continuously during NEAR's year-long
orbital mission about Eros, and for two weeks following NEAR's
landing. During this time, GRS data were acquired at a range of
distances from Eros. For orbital GRS measurements, the signal-to-
background ratio of gamma-ray signals is a function of the distance
between the gamma-ray spectrometer and the target (Section 3.2),
therefore the GRS spectra are classiﬁed on the basis of the altitude of
the spacecraft when a given spectrum was acquired. Fig. 1 (top) plots
NEAR's orbital altitude as a function of time, with the mission phases
(Table 1) labeled appropriately. Mission phases are delineated on the
basis of mean orbital altitude and chronological order. For example
Fig. 1. Overview of NEAR GRS orbital dataset, including (top) orbital altitude and
(bottom) times and durations of solar particle events (SPEs). Each point in the plot
represents the mean value (altitude, spectrum ratio) during a given GRS integration
period. Shaded regions denote times when the GRS measurements were compromised by
SPEs (Table 2).
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“50-A” represents the ﬁrst (A) period of 50-km-mean-altitude orbits.
Exceptions to this naming convention are the elliptical orbit periods –
post orbit insertion (POI) and low-altitude ﬂyovers (LAFs) – which do
not have a meaningful average orbital altitude. Surface operations are
not discussed in this manuscript, as the details and scientiﬁc results
from those measurements can be found in Evans et al. (2001) and
Peplowski et al. (2015).
2.3.2. Solar particle events
A major concern for gamma-ray investigations is solar particle
events (SPEs). During an SPE, the spacecraft is irradiated by high-
energy (~10 to 100 MeV) protons that signiﬁcantly raise spectral
backgrounds, lowering the signal-to-background of GRS measurements
(Fig. 2). Table 2 presents a catalog of SPE events observed by the NEAR
GRS. SEPs were identiﬁed using the “spectrum ratio”, deﬁned as the
ratio of the total count rate between 8 and 8.5 MeV divided by the total
count rate between 1 and 1.5 MeV. This ratio records changes in the
shape of the gamma-ray continuum that are indicative of energetic
particles (e.g. from a solar event) interacting with the GRS. The
spectrum ratio is plotted as a function of time in Fig. 1, and periods
with an elevated spectrum ratio were ﬂagged as SPEs. A catalog of SPE
events is presented in Table 2.
An example gamma-ray spectrum, measured during SPE #9
(Table 2), is shown in Fig. 2. Compared to nominal GRS spectra, the
SPE-compromised data exhibit an increase in the overall magnitude of
the gamma-ray continuum, as well as a decrease in the slope of the
continuum. Enhancements in speciﬁc gamma-ray line emissions are
also observed. For example, the 4438-keV peak count rate is higher
during the SPE. 4438-keV gamma rays are produced within the GRS by
via inelastic scattering of SPE protons (p) on oxygen in the BGO
(Bi4Ge3O12) detector, a process that is denoted as
16O+p→12C+p′+α+γ.
The gamma ray (γ) produced during this reaction has a characteristic
energy of 4438 keV. The SPE spectrum also exhibits a notable increase
in 1369-keV gamma rays, likely resulting from interactions in the Mg
housing of the GRS.
Approximately 33% of the NEAR GRS orbital dataset is ﬂagged as
compromised by SPEs, a high value when compared to other gamma-
ray spectrometer datasets (e.g. Lunar Prospector, < 20%; Lawrence
et al., 2004). Unfortunately, the SPEs were more frequent during the
latter half of the mission (Fig. 1), a time period that included the lowest
altitude measurements. Data used throughout this study are restricted
to SPE-free measurements.
3. Gamma-ray signal from Eros
3.1. Overview
To date, no data from the NEAR GRS orbital investigation has been
used to address the NEAR project goal of characterizing the elemental
composition of Eros. Pre-arrival estimates of GRS sensitivity indicated
that ≤30% uncertainty measurements of gamma rays from Si, Fe, Mg,
O, and K would be obtained from the 35-km orbit in 30 days or less,
and that the resulting elemental concentration measurements would be
suﬃciently precise to associate Eros with a meteorite class (see Table 2
and Figure 23 of Trombka et al., 1997). Despite the claim that these
sensitivity calculations were robust due to benchmarking with Apollo
gamma-ray datasets (Trombka et al., 1997), these predictions proved
to be erroneous. 85 days of data acquired in the 35-km orbit (Table 1)
provided no evidence for Eros-originating gamma-ray emissions
(Evans et al., 2001; Trombka et al., 2001), let alone statistically robust
elemental measurements. This section examines the reasons why the
GRS orbital investigation failed, followed by an analysis of data
collected during a series of low-altitude ﬂyovers of Eros, which do
Table 1
NEAR mission phases by orbital altitude.a
Orbital phase Nominal altitude Time rangeb
(km) (body radii)c
Orbit insertion – – 14 Feb. 2000
Post orbit insertion (POI) 366–200d 23.8–43.6 14 Feb. 2000–3 March 2000
200-A 200 23.8 3 March 2000–11 April 2000
100-A 100 11.9 2 April 2000–30 April 2000
50-A 50 6.0 22 April 2000–7 July 2000
35-A 35 4.2 7 July 2000–31 July 2000
50-B 50 6.0 24 July 2000–5 Sept. 2000
100-B 100 11.9 26 Aug. 2000–20 Oct. 2000
50-C 50 6.0 13 Oct. 2000–25 Oct. 2000
Low-altitude ﬂyovers (LAF) A 5.3e 0.6e 26 Oct. 2000
200-B 200 23.8 26 Oct. 2000–13 Dec. 2000
35-B 35 4.2 7 Dec. 2000–24 Jan. 2000
Low-altitude ﬂyovers (LAF) B 2.7e 0.3e 24 Jan. 2000–28 Jan. 2000
35-C 35 4.2 28 Jan. 2000–12 Feb. 2000
Landing 0 0 12 Feb. 2000
Surface Operations 0 0 12 Feb. 2000–28 Feb. 2000
a Adapted from the NEAR MSI observation overview document, located at: http://sbn.psi.edu/pds/resource/near/documents/msi/observation_overview.doc
b Overlapping time ranges correspond to transitions between orbital phases.
c Calculated using Eros' mean radius, 8.4 km (see Section 3.2).
d Elliptical orbits.
e Elliptical orbits, values represent the minimum altitude achieved.
Fig. 2. NEAR GRS gamma-ray spectra, summed by common orbital altitudes, obtained
during the ﬁnal ~2 months of the mission. A summed spectrum acquired during solar
particle event #9 (Table 2) is included for comparison.
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show evidence for the detection of Eros-originating gamma-ray emis-
sions.
3.2. Altitude considerations
Successful gamma-ray spectrometer investigations of planetary
surfaces require close proximity to the planetary body of interest. For
a spherical target body of radius R, the local gamma-ray ﬂux (ϕ(h))
varies predictably as a function of spacecraft-to-surface distance
(altitude; h) as
ϕ h R
R h
( ) ∝ 1 − 1 −
( + )
.
2
2
(1)
Fig. 3 plots ϕ(h) for a range of recent planetary missions that included a
gamma-ray spectrometer. The x-axis (altitude) is recast in units of body
radii (h/R) to accommodate the vastly diﬀerent sizes of the target
bodies for these missions, and ϕ is shown relative to its value at 1-body
radius for each target.
Eros' shape is often described with a triaxial ellipsoid. Zuber et al.
(2000) used NEAR laser altimeter data to determine the shape of Eros,
and they derived triaxial ellipsoid radii of 20.6×5.7×5.3 km. As a result,
and unlike for the other objects in Fig. 3, there is no single value of R to
use in Eq. (1). Instead, we adopt the radius (8.4 km) of a sphere of
equivalent volume as Eros (2505 km3; Zuber et al., 2000). This eﬀective
value of R for Eros (RE) was used throughout this work when deﬁning
NEAR's orbital altitudes in units of body radii.
NEAR's lowest orbit (35-km mean altitude) corresponds to a ϕ(h)
value that is an order-of-magnitude (or more) lower than other,
successful GRS measurements (Fig. 3). Speciﬁcally, the Lunar
Prospector (e.g., Prettyman et al., 2006), Mars Odyssey (Boynton
et al., 2007), MESSENGER (e.g., Evans et al., 2012), and Dawn
(Prettyman et al., 2012) spacecraft each operated from orbits with
altitudes less than 1-body radius, and each corresponding gamma-ray
investigation returned useful elemental composition data for its target.
In contrast, NEARs lowest orbit was ~4 body radii. At this distance,
Eros subtended a small (0.01) fraction of GRSs 4π ﬁeld of view as
compared to the ﬁeld of view subtended by the spacecraft (~0.5). The
outcome was that the Eros-originating gamma-ray signal was small and
obscured by spacecraft-originating gamma rays.
The hypothesis that NEAR's mission proﬁle was inadequate to
facilitate a successful gamma-ray investigation is supported by in-ﬂight
data from the Phobos 2 and MESSENGER Gamma-Ray Spectrometers.
Phobos 2 and MESSENGER orbited their target bodies – Mars and
Mercury, respectively – in highly elliptical orbits with altitudes ranging
from < 1 body radius to > 6 body radii. These orbits facilitate
characterizing the peak-to-background of major gamma-ray signatures
as a function of altitude (Fig. 4). This altitude dependence is demon-
strated with the ratio of the gamma-ray peak count rates relative to the
rate measured at altitudes > 3 body radii. Measurements at > 3 body
radii are beyond the range for which gamma-ray emissions from the
target body are expected (see Fig. 3). In all cases (Fig. 4), the
magnitude of the gamma-ray peak count rates only exceed the back-
ground rates once the spacecraft altitude is < 1.5 body radii. This
conclusion is the same for the Phobos 2 and MESSENGER data,
despite the fact that the Phobos 2 GRS was a CsI scintillator with
comparable energy resolution to NEAR GRS and the MESSENGER
GRS was high-purity Ge sensor with an order-of-magnitude better
energy resolution than NEAR GRS. It is puzzling that the Phobos 2 data
did not temper expectations for the NEAR GRS investigation (Trombka
et al., 1997), particularly given that the Phobos data cited here was
published by the NEAR GRS team ﬁve years prior (Trombka et al.,
1992).
3.3. Low-altitude ﬂyovers
The calculations (Fig. 3) and data (Fig. 4) presented here argue that
orbital altitudes of < 1.5 body radii are required to perform successful
gamma-ray spectrometer investigations. Prior experience has shown
that altitudes of < 1 body radius are required to perform robust
Table 2
Solar particle events (SPEs) observed in the NEAR GRS orbital dataset.
SEP number Julian day Calendar day Duration (days)
Start Stop Start Stop
1 2451571.2 2451572.2 27 January 2000 28 January 2000 1.0
2 2451605.9 2451608.8 2 March 2000 5 March 2000 2.9
3 2451626.3 2451631.1 22 March 2000 27 March 2000 4.8
4 2451632.9 2451635.0 29 March 2000 31 March 2000 2.1
5 2451657.9 2451663.6 23 April 2000 29 April 2000 5.7
6 2451670.2 2451674.4 5 May 2000 9 May 2000 4.2
7 2451739.7 2451760.7 14 July 2000 4 August 2000 21.0
8 2451770.0 2451771.2 13 August 2000 14 August 2000 1.2
9 2451800.0 2451809.5 12 September 2000 22 September 2000 9.5
10 2451820.3 2451824.8 2 October 2000 7 October 2000 4.5
11 2451827.8 2451839.2 10 October 2000 21 October 2000 11.4
12 2451842.7 2451851.6 25 October 2000 3 November 2000 8.9
13 2451854.9 2451885.4 6 November 2000 6 December 2000 30.5
14 2451896.8 2451898.8 18 December 2000 20 December 2000 2
15 2451919.3 2451925.1 9 January 2001 15 January 2001 5.8
16 2451930.2 2451935.8 20 January 2001 25 January 2001 5.6
17 2451938.2 2451942.5 28 January 2001 3 February 2001 4.3
Fig. 3. Gamma-ray ﬂux versus orbital altitude (in units of body radii; from Eq. (1)).
Recent planetary science missions that included a gamma-ray spectrometer are labeled at
their respective altitudes. Flux is relative to value at 1 body radius.
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elemental composition investigations (Section 3.2). NEAR's lowest-
altitude mission phase (35-km mean altitude; 4.1 body radii) falls far
short of this requirement, however the spacecraft did achieve lower
altitudes during the “low-altitude ﬂyovers” (LAF; Table 1).
The LAF measurements oﬀer the only viable opportunity to identify
an Eros-originating gamma-ray signal in the NEAR GRS orbital
dataset. The ﬁrst LAF (LAF A; Table 1) occurred on 26 October
2000, when NEAR was placed in an elliptical orbit about Eros for the
purpose of conducting a single low-altitude ﬂyover of the asteroid. The
minimum altitude during LAF A was 5.3 km. The success of LAF A led
to a second, extended set of low-altitude ﬂyovers in late January 2001
(LAF B, Table 1). During LAF B, the elliptical orbit was maintained for
a total of 7 orbits, which resulted in ~30 low-altitude ﬂyovers due to
rotational period of the asteroid. The minimum altitude achieved was
2.7 km, and in total NEAR spent 10.6 h at altitudes < 16 km. Due to
Eros’ highly elliptical shape (radius varies from ~6 to ~20 km), <
16 km altitudes are inclusive of spacecraft-to-Eros distances of < 1
body radii.
In contrast with the landed GRS measurements, which sampled just
~1 m3 of material at the NEAR landing site, the LAF dataset samples
gamma-ray emissions from a large fraction of Eros' surface. The LAF
orbits were in the equatorial plane of Eros, which is parallel to the
asteroid's long axis. At opposite sides of the long axis are the “ends” of
Eros, deﬁned here as the two regions furthest from the asteroid center
of mass. The ends are located at approximately 0° latitude, −20°
longitude and 0° latitude, 180° longitude. As a result of NEAR's
elliptical orbit (period ~12 h) and Eros' rotation about its polar axis
(5.3 h period), the spacecraft orbital period with respect to a ﬁxed point
on Eros was ~4 h. Minimum altitudes were achieved as NEAR passed
over Eros' ends, which occurred twice per orbit. As a result, the LAF
measurements are global in nature but biased toward the ends of Eros.
3.4. Searching for a signal from Eros
3.4.1. Overview
As the lowest-altitude dataset, the GRS LAF measurements provide
the best opportunity to identify an Eros-originating gamma-ray signal.
To conﬁrm the presence of such a signal, the summed count rate in the
BGO sensor, CT, was examined as a function of altitude. CT was derived
by summing the counts between 300 and 8500 keV in each BGO
spectrum, and dividing by the livetime-corrected accumulation time.
The energy range was selected to include the portion of the spectrum
for which major gamma-ray emissions lines from Eros are expected.
The BGO spectrum (and by extension CT) is dominated by space-
craft-originating backgrounds, even during the LAFs. These back-
grounds result from GCR-induced gamma-ray production within GRS
and other nearby spacecraft materials. Because the GCR ﬂux varies as a
function of time (e.g. Usokin et al., 2011), the magnitude of the GCR-
induced background is also expected to vary with time. Prior to
characterizing CT as a function of altitude, this GCR dependency must
be removed. The relationship between the BGO count rate and GCR
variability is detrended using the GRS on-board GCR proxy,
“GCR_Flux”. The GCR_Flux parameter reports spectrum-by-spectrum
changes in the shape of the gamma-ray continuum as recorded by the
NaI sensor. These variations are thought to originate from variability in
the rate of penetrating particles interacting with the NaI sensor, which
is expected to be dominated by GCRs. CT is plotted as a function of
GCR_Flux in Fig. 5, both before and after detrending the GCR
dependence. Detrending was achieved by performing a linear ﬁt of CT
vs. GCR_Flux, with the ﬁt being used to correct the BGO count rate
values to the mean GCR_Flux value (7.01) during the LAFs.
Examination of the behavior of the GCR-detrended CT values versus
altitude (Fig. 6) indicate two components contribute to CT: 1) a largely
altitude-independent “base rate” of ~245 counts s−1 and 2) an altitude-
dependent component that manifests at low ( < ~24 km) altitudes.
Component #1 is attributed to GCR-induced, spacecraft-originating
Fig. 4. Peak ratio as a function of orbital altitude, for (top) the Phobos 2 gamma-ray
spectrometer (GRS) and (bottom) the MESSENGER GRS. Peak ratio is calculated as the
count rate in the spectral region of interest (see legend), which includes the gamma-ray
peak and continuum, divided by the count rate in the same spectral region, measured at
high ( > 3 body radii) altitudes. A peak ratio of 1 denotes no signal above the high-altitude
( > 3 body radii) background. Phobos 2 data (Trombka et al., 1992) are for a single
elliptical orbit about Mars and have no error bars. MESSENGER data are from ~12
months of elliptical orbits about Mercury, and include 5-σ error bars.
Fig. 5. GRS BGO detector count rate (CT) plotted versus the GCR proxy “GCR_Flux”,
both before (A) and after (B) detrending the GCR dependence from the BGO count rate.
Data was restricted to a narrow range of altitudes (23–28 km) to limit altitude-dependent
variability. SPE data (Table 2) is omitted. Dashed lines show linear ﬁts to the data.
Fig. 6. NEAR GRS BGO detector count rate (GCR detrended) versus spacecraft altitude.
Data is limited to that acquired during mission phases 35-A and LAF B (Table 1). SPE-
compromised data (Table 2) is omitted.
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gamma-ray emissions, and component #2 is attributed to Eros-
originating gamma-ray emissions. For Eros' eﬀective radius (8.4 km),
24-km corresponds to 3 body radii, however recall that Eros' actual
radius varies from ~6 to ~20 km, in which case 24 km altitude can
correspond to 1.2–4.0 body radii, the lower value being within the
expected range (≤1.5 body radii) for detection of Eros-originating
gamma rays.
The altitude-dependent behavior of the GCR-detrended CT values
proves that GRS observed an increased event rate when NEAR came
within ~24 km of Eros' surface. The most likely explanation for these
events is gamma-ray emissions originating from Eros. Note that even at
its highest rate (300 counts s−1), CT is still dominated ( > 80%) by the
component attributed to spacecraft-originating backgrounds (~245
counts s−1). Characterizing the Eros-originating component of the
GRS measurements therefore requires isolating and removing the
spacecraft-originating backgrounds. Following recent analyses of
MESSENGER and Dawn gamma-ray data (e.g. Evans et al. 2012;
Prettyman et al., 2015), high-altitude measurements were leveraged to
characterize the spacecraft-originating spectral backgrounds. These
backgrounds were then subtracted from low-altitude measurements
to characterize the residual low-altitude signal, which is attributed to
Eros-originating gamma ray emissions.
3.4.2. High-altitude (HA) spectrum
NEAR GRS measurements acquired at altitudes of > 2 body radii
do not include appreciable, Eros' originating gamma rays (e.g., Figs. 2–
4) and therefore these measurements provide a clean measure of the
spacecraft-originating gamma-ray background. A high-altitude (HA)
spectrum was created by summing individual GRS spectra acquired at
altitudes > 30 km ( > 3.6 body radii using Eros' mean radius, > 1.5
body radii using Eros' maximum radius). The spectra used to create the
HA spectrum were limited to those collected during LAF-B and 35-B,
the mission phase that immediately preceded LAF-B. Spectra collected
during 35-B were included to increase the total accumulation time for
the HA spectrum and improve its statistical precision. SPE-compro-
mised data (Table 2) were excluded from the HA dataset. Spectra
meeting our HA criteria were divided by their respective livetime-
corrected accumulation times prior to summing to create the HA
spectrum. The result, shown in Fig. 7, had a total data accumulation
time of 236 h.
3.4.3. Low-altitude (LA) spectrum
GRS measurements acquired during LAF-B include contributions
from Eros- and spacecraft-originating gamma rays. A low-altitude (LA)
spectrum was created from LAF B measurements, speciﬁcally spectra
acquired at altitudes < 16 km. Although 16 km corresponds to ~2 body
radii using Eros' mean radius, it falls within 1 body radius when
consider Eros' largest dimension (20 km). As was the case for the HA
spectrum, SPE-compromised data (Table 2) was excluded from the LA
dataset. Of note is SPE-16 (Table 2), which included the ﬁrst two orbits
of LAF B. Spectra meeting our LA criteria were divided by their
respective livetime-corrected accumulation times prior to summing to
create the LA spectrum. The result, shown in Fig. 7, had a total data
accumulation time of 10.5 h.
3.5. Residual spectrum – isolating the signal from Eros
The gamma-ray signal from Eros is determined by subtracting the
HA spectrum (spacecraft background) from the LA spectrum (Eros
signal+spacecraft background). Spectral subtraction is complicated by
the fact that the LA and HA spectra were acquired under slightly
diﬀerent mean GCR conditions due to time variability in GCRs and
obscuration of GCRs by Eros at low altitudes. Prettyman et al. (2015)
described a formalism for producing residual spectra (SR) from Dawn
Gamma-Ray and Neutron Detector (GRaND) data that accounts for
these changes in GCR ﬂux. Their formalism used a GCR proxy, in that
case the GRaND triple-coincidence counter (Tc), to weigh the HA
spectrum prior to subtraction as
⎛
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where SHA and SLA are the HA and LA spectra, respectively, and Tc(LA)
and Tc(HA) are the triple coincidence count values for the LA and HA
spectra. For GRaND, LA is the Low-Altitude Mapping Orbit (LAMO)
and HA is the “approach” data, which are analogous to our LA and HA
intervals. For convenience, the SHA normalization factor TC(LA)/
TC(HA) is hereafter referred to as NHA.
Prettyman et al. (2015) derived Eq. (2) on the basis of two
assumptions: 1) the GCR proxy samples the relevant (i.e. gamma-ray
inducing) portion of the GCR spectrum ( > ~100 MeV protons), and 2)
there exists a one-to-one correspondence between variability in the
GCR proxy and the channel-by-channel magnitude of gamma-ray
spectra. With respect to assumption 1, the GRaND triple coincidence
counter is directly sensitive to high-energy penetrating particles ( >
~100 MeV protons), making it a good proxy for the local GCR ﬂux. The
NEAR “GCR_Flux” parameter is a less reliable GCR proxy, as
“GCR_Flux” measures the diﬀerence between the high- and low-energy
count rates in the inner GRS sensor (NaI), which is only an indirect
proxy for high-energy particles.
The NEAR GCR proxy, GCR_Flux, is 7.00 and 6.80 counts s−1 for
the LA and HA spectra, respectively. These values lead to an NHA value
of 1.03, suggesting a small (~3%) increase in GCRs during the LA
measurements relative to HA. Whether or not this also corresponds to
a ~3% change in the magnitude of the spacecraft-originating back-
grounds, e.g. assumption #2, is tested iteratively by calculating the
residual spectrum (SR; Eq. (2)) for three scenarios: 1) NHA=1.03 (3%
increase in GCRs, as derived from LA and HA GCR_Flux values), 2)
NHA=1 (no GCR correction), and 3) NHA=0.97 (3% decrease in GCRs,
for demonstration purposes only). The shape and magnitude of SR is
strongly dependent on NHA, even at the ~3% level, as shown in Fig. A2.
Scenario #1, which adopts the expected NHA value of 1.03, produces a
spectrum that is deemed unphysical on the basis of the low relative
amplitude of the 1778-keV peak as compared to other peaks in the
spectrum. In fact, near the 1778-keV peak, the residual spectrum has
negative values, again an unphysical result. Scenario #3, which is not
supported by the data, shows a muted residual spectrum in which
individual gamma-ray peaks are generally diﬃcult to discern (except
the 511-keV line from electron-positron annihilation and the
Fig. 7. GRS residual spectrum (grey), derived by subtracting the summed, high-altitude
(HA) spectrum (red) from the summed, low-altitude (LA) spectrum (black). A ~50-keV-
wide boxcar smooth of the residual spectrum (blue) serves to highlight features in the
residual spectrum. The locations of the highest-intensity gamma-ray peaks in typical
gamma-ray spectra are denoted by dashed lines and labeled by corresponding element.
“Ann” is the electron-positron annihilation feature at 0.511 keV. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of
this article).
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~1400 keV peak from Mg + K). Scenario #2, NHA=1.0, produces a
residual spectrum with a slope and gamma-ray peak locations and
amplitudes that closely match the simulated signals (see Appendix A)
for OC-like materials. As a result of this match, and because the
correspondence between the gamma-ray inducing ﬂux of GCRs and
GCR_Flux is unknown, this analysis adopted Scenario #2 – no GCR
correction – to produce the residual spectrum shown in Fig. 7. The
implications of this decision are revisited in Section 4.4.
4. Elemental composition information
4.1. Overview
A typical gamma-ray spectrum analysis involves spectral ﬁtting of
the continuum and peaks to determine the area (number of counts)
within the gamma-ray peak of interest. The peak count rate is then
corrected for the detector response and compared to radiation trans-
port models to determine the elemental abundance at the surface
required to produce the measured signal (e.g. Boynton et al., 2007;
Evans et al., 2012; Peplowski et al., 2015). The low total measurement
time for the LAF measurements results in large statistical uncertainties
in the GRS residual spectrum (Fig. 7), limiting the likelihood that
spectral ﬁtting would provide statistically robust results.
This analysis adopts an alternative approach in which a large
portion of the gamma-ray spectrum is treated as a single measurement
for comparison to modeled gamma-ray spectra. The comparison is
evaluated using a reduced chi-squared (χ2/ν) analysis of the model
compared to the data, calculated as
⎛
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where Ci
M and Ci
R are the counts in a given channel i in the modeled
(M) and residual (R) spectra, respectively. σi
R is the one-standard-
deviation statistical uncertainty of the counts in the residual spectrum
in channel i, calculated from the statistical uncertainties for channel i
in the HA and LA spectra, added in quadrature. These per-channel
uncertainties in HA and LA were calculated as the square root of the
total number of counts in each channel. The sum is calculated over
channels j through k, which are the upper and lower channels for the
energy range of interest. There are n total channels (k–j) in the region
of interest. ν is the number of degrees of freedom, which is n–1.
Elemental composition information is derived from the residual
spectrum by calculating χ2/ν values (Eq. (3)) relative to a large (19-
member) set of modeled spectra (Appendix A), each corresponding to
diﬀerent meteorite type (Appendix B). Note that this methodology is
fundamentally diﬀerent from the analysis of NEAR GRS data acquired
on the surface of Eros (Peplowski et al., 2015). Those authors used
spectral ﬁtting of the BGO spectra as input to derive elemental
composition using laboratory measured gamma-ray production cross
sections (with modeled neutron ﬂuxes).
4.2. Modeling
The radiation transport code MCNPX (version 27d, with the ENDF/
B VII.0 gamma-ray production cross section library) was used to model
GCR-induced gamma-ray production on Eros. Gamma-ray emissions
from naturally radioactive elements were added to the MCNPX out-
puts, and the results were converted to the gamma-ray ﬂux at the
altitude of the NEAR spacecraft. These ﬂuxes were convolved with the
response of the BGO detector and normalized to the measurements.
The resulting modeled spectra, denoted S′γ(E), were produced for each
meteorite composition listed in Appendix B and formed the basis for
deriving the elemental composition of Eros. The process for producing
the modeled spectra is detailed in Appendix A.
4.3. Eros' global elemental composition
4.3.1. Overview
Modeled gamma-ray spectra – S′γ(E) – were produced for nineteen
chemical compositions belonging to four classes:
• ordinary chondrite meteorites (LL, L, and H subgroups),
• enstatite chondrite meteorites (low-Fe, called EL, and high-Fe,
called EH subgroups),
• carbonaceous chondrite meteorites (Tagish Lake, CI, CM, CO, CR,
CV, CH subgroups),
• and achondrite meteorites from asteroid 4 Vesta (Diogenite, Basaltic
Eucrite subgroups) and Mars (Shergotty, a Nakhla, and Zagami
subgroups), and samples from the Moon (Apollo samples from the
lunar highlands and mare regions – A16 and A11, respectively).
The compositions for these samples are listed in Tables B1 and B2.
Appendix B includes additional details on the sources adopted for each
composition.
The modeled spectrum (S′γ(E)) for each composition is compared
to the GRS residual spectrum in Figs. 8–11. This comparison is limited
Fig. 8. (Top) GRS residual spectrum (grey) compared to modeled (colored) gamma-ray
spectra for achondrite and lunar sample compositions (see Table B2). (Bottom) Least-
squared (χ2/ν) values for energy bands (error bars) centered on spectral regions
including gamma-ray peaks from (left to right) Fe, Mg, K, Si, H, and Th (see Section
4.3.1). The dashed line shows the χ2/ν < 2 (85% conﬁdence) threshold for accepting a
match between the simulation and data. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article).
Fig. 9. (Top) GRS residual spectrum (grey) compared to modeled gamma-ray spectra for
carbonaceous chondrite meteorites (see Table B1). (Bottom) Least-squared (χ2/ν) values
for energy bands (error bars) centered on spectral regions including gamma-ray peaks
from (left to right) Fe, Mg, K, Si, H, and Th (see Section 4.3.1). The dashed line shows the
χ2/ν < 2 (85% conﬁdence) threshold for accepting a match between the simulation and
data.
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to the < 3 MeV spectral region, due to the low counting rates and poor
statistics for energies above 3 MeV. As a consequence, O concentra-
tions (6.1 MeV gamma ray) are not derived here. Oxygen data is
available from the GRS landed dataset (Fe/O =0.51 ± 0.21, 2-σ error;
Peplowski et al., 2015), as the longer integration times for that
measurement facilitated characterizing the > 3 MeV region of the
spectrum.
The elemental composition of Eros is evaluated via the χ2/ν
comparison of the residual spectrum to the models (Eq. (3)). χ2/ν
values were calculated at strategically deﬁned energy bands, centered
on the Fe (846 keV), Mg (1369 keV), K (1460 keV), Si (1778 keV), and
H (2232 keV) gamma-ray peaks (Figs. 8–11). Note that the Mg and K
bands overlap due to the proximity of these gamma-ray peaks. The χ2/ν
values for each band were evaluated using a χ2/ν < 2 acceptance
threshold. χ2/ν values < 2 correspond to a > 85% probability that the
match between the model and the residual spectrum is not due to
random chance, therefore simulations that match the GRS measure-
ments to within χ2/ν < 2 are deemed to be a valid match to the GRS
measurements in a given spectral region. The following sections detail
the results of the χ2/ν analysis for each modeled composition.
4.3.2. Results
Achondrite-like compositions for Eros can be ruled out by the
NEAR GRS data. Fig. 8 compares the GRS residual spectrum to
achondrite meteorites from asteroid 4 Vesta (Basaltic Eucrite,
Diogenite) and Mars (Shergotty, Nahkla, Zagami), as well as to lunar
samples from the plagioclase-rich lunar highlands, returned by the
Apollo 16 (A16) mission, and basalt-rich material from a lunar mare,
returned by the Apollo 11 (A11) mission. Each of these achondrites has
an Fe concentration that results in signiﬁcantly lower gamma-ray
counts in the 846-keV spectral region than is observed in the GRS
residual spectrum. This manifests as χ2/ν values of ~3 to 5 in the Fe
spectral band, well above the χ2/ν < 2 threshold for a match.
Achondrites also have lower Mg content than exhibited by the GRS
residual spectrum, resulting in χ2/ν > 2 values in the 1369 keV band as
well. That each achondrite sample examined here has χ2/ν > 2 values in
the Fe and Mg bands led to the conclusion that achondrite composi-
tions do not reproduce the GRS residual spectrum and therefore do not
represent the elemental composition of Eros' surface.
Carbonaceous chondrite (CC) compositions are compared to the
GRS residual spectrum in Fig. 9. Again, the χ2/ν values in the 846-keV
Fe band are highly diagnostic. The high-Fe CH chondrite and volatile-
rich Tagish Lake, CM, and CI chondrites have χ2/ν≥2 values in the 846-
keV band, ruling out a match to the GRS residual spectrum. The CI
chondrite also has χ2/ν > 2 in the 2232-keV H band. For other CCs, χ2/
ν values are < 2 in all energy bands, leading to the conclusion that
volatile-poor CC (CO, CV, and CR) compositions are consistent with the
GRS measurements of Eros’ surface composition. Note, however, that
these compositions were ruled out as comparable to Eros’ surface by
other datasets (e.g. McCoy et al., 2001).
Recent analyses of CR chondrites (e.g. Alexander et al., 2013;
Garenne et al., 2014) ﬁnd non-zero (0.14–0.68 wt%) hydrogen con-
centrations, higher than was adopted for our models (0 wt%, Table B1),
and lower C concentrations (Alexander et al., 2007; Pearson et al.,
2006) than those reported by Lodders and Fegley (1998) and therefore
adopted for this work. Modifying the CR composition (Table B2) to
incorporate those changes will result in changes to the gamma-ray
inducing neutron ﬂux that may alter the modeled CR chondrite
spectrum suﬃciently to change the χ2/ν values notably from those
shown in Fig. 9. Such an eﬀort is extraneous in light of the fact at other
NEAR datasets have been used to rule out a CR-like composition for
Eros (e.g. McCoy et al. 2001).
Finally, the enstatite chondrites (ECs) and ordinary chondrites
(OCs) are compared to the GRS residual spectrum in Figs. 10 and 11.
All ECs and OCs meet the χ2/ν < 2 selection criteria in all spectral
Fig. 10. (Top) GRS residual spectrum (grey) compared to modeled gamma-ray spectra
for enstatite chondrite compositions (see Table B1). (Bottom) Least-squared (χ2/ν)
values for energy bands (error bars) centered on spectral regions including gamma-ray
peaks from (left to right) Fe, Mg, K, Si, H, and Th (see Section 4.3.1). The dashed line
shows the χ2/ν< 2 (85% conﬁdence) threshold for accepting a match between the
simulation and data.
Fig. 11. (Top) GRS residual spectrum (grey) compared to modeled gamma-ray spectra
for ordinary chondrite compositions (see Table B1). (Bottom) Least-squared (χ2/ν)
values for energy bands (error bars) centered on spectral regions including gamma-ray
peaks from (left to right) Fe, Mg, K, Si, H, and Th (see Section 4.3.1). The dashed line
shows the χ2/ν< 2 (85% conﬁdence) threshold for accepting a match between the
simulation and data.
Fig. 12. Least-squared (χ2/ν) values in the 846-keV Fe gamma-ray peak region, taken
from Figs. 8–11, plotted as a function of Fe concentration. Models use meteorite
compositions detailed in Tables B1 and B2. The dashed line is a 4th-order polynomial ﬁt
to the models, excluding high-hydrogen (H > 0.3 wt%) compositions that are outliers (see
Section 4.3.2). The solid line shows the χ2/ν> 2 (85% conﬁdence) threshold used to
determine the allowed Fe concentrations.
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regions considered. For OCs, this match is consistent with prior,
independent analyses of NEAR data, which found that the elemental
(Trombka et al., 2000; Nittler et al., 2001; Evans et al., 2001; Foley
et al., 2006; Lim and Nittler, 2009; Peplowski et al., 2015) and
mineralogical (Clark et al., 2001; McFadden et al., 2001; Lucey et al.,
2002; Izenberg et al., 2003) composition of Eros is consistent with the
OCs, in particular the LL and L OCs. The ECs were previously ruled out
by McCoy et al. (2001) on the basis of x-ray derived Mg/Si and Ca/Si
(Nittler et al., 2001) and gamma-ray derived Fe/O (Evans et al., 2001)
values. The revised Fe/O result of Peplowski et al. (2015) found that EL
chondrites are allowed by the GRS surface measurements, but that EH
chondrites are not.
4.3.3. Eros' iron content
Iron concentration is a highly diagnostic measurement for compar-
ing Eros' elemental composition to those of meteorites, particularly the
OCs (see Section 1; Figs. 8–11). To constrain Eros' Fe content, the
modeled vs. residual spectrum χ2/ν values in the 846-keV Fe band
(Figs. 8–11) are plotted as a function of the Fe abundance of the
respective meteorites in Fig. 12. The χ2/ν vs. Fe values are well ﬁt by a
second-order polynomial, which has a minimum χ2/ν value (of ~1.7) at
24 wt% Fe. Adopting the χ2/ν < 2 threshold to deﬁne the allowed values
yields a range of 18–34 wt% Fe.
Note that the polynomial ﬁt of χ2/ν vs. Fe (Fig. 12) excludes the
volatile-rich CCs (Tagish Lake, CM, and CI), which do not lie on the
second-order polynomial trend line. Their deviation from this relation-
ship reﬂects the fact that these samples have suﬃcient hydrogen
content ( > 1 wt%) to signiﬁcantly modify the gamma-ray inducing
neutron ﬂux within the asteroid's surface, breaking the otherwise linear
relationship between 846-keV gamma-ray ﬂux and Fe content
(Peplowski et al., 2015). This issue is less signiﬁcant at the H
concentration (1100 ppm) measured for Eros (Peplowski et al., 2015).
A motivating goal of this study was to use GRS orbital data to
resolve the discrepancy between the XRS-derived Fe content (Fe/
Si=1.7 ± 0.3, 1-standard-deviation error; consistent with the H OCs)
and the landed GRS-derived Fe content (Fe/Si=1.2 ± 0.2, 2-standard-
deviation error; consistent with the L and LL OCs). The mean Fe
concentrations for the OCs, derived from the meteorite database of
Nittler et al. (2004), are 19.8 ± 1.9 wt% Fe (LL), 21.9 ± 1.3 wt% (L),
and 27.2 ± 2.4 wt% (H). The OC Fe value that is the closest match to
the orbital GRS-derived value (24 wt% Fe) is the L chondrite value
(Table 3). This observation is consistent with prior analyses (Peplowski
et al., 2015; Foley et al., 2006) that found that Eros' elemental
composition was exclusively consistent with the LL and L chondrites.
However, the χ2/ν < 2 range of allowed Fe concentrations, 18–34 wt%,
is consistent with all three OCs. As a result, the Fe concentration
derived from orbital GRS data is insuﬃcient to resolve the discrepancy
between the XRS and landed GRS measurements.
4.3.4. Eros' potassium and thorium content
The global K and Th content of Eros’ surface was also derived from
a χ2/ν comparison of the GRS residual spectrum to modeled spectra.
For this analysis, the simulated L chondrite spectrum was modiﬁed to
include K and Th gamma-ray emissions corresponding to concentra-
tions ranging from 0 to 1200 ppm (K) and 0 to 250 ppb (Th). This
process is detailed in Appendix A. The L chondrite model was adopted
for this procedure on the basis of the best match to the Fe data (Section
4.3.2), along with prior analyses showing that L and LL chondrites are
the best match for Eros see Peplowski et al. (2015).
The χ2/ν values for the variable K and Th simulated spectra are
shown in Fig. 13 (the 1460-keV K band) and Fig. 14 (the 2614-keV Th
band). The lowest χ2/ν values (and χ2/ν < 2 allowed ranges) are
600 ppm K (20–1050 ppm K) and 60 ppb Th ( < 220 ppb Th). The
global K concentration is consistent with the value at the surface (700
± 280 ppm) derived by Evans et al. (2001), as well as the mean K
concentrations of OCs~800 ppm (see Table 3 for a breakdown by OC
type). The global Th concentration is the ﬁrst reported for Eros, and is
consistent with the OCs (~40 ppb; see Table 3 for breakdown by OC
type). In both scenarios the error bars are large and prohibit detailed
geochemical interpretation.
Measurements of the concentrations of the moderately volatile
element K and the refractory element Th are frequently used to infer
the bulk volatile content of an object (Taylor et al., 2006; Peplowski
et al., 2011; Prettyman et al., 2015). This is because K and Th are
similarly incompatible during magmatic fractionation, and as a result
their near-surface ratio is thought to represent the bulk ratio. For
Table 3
Global elemental composition data, derived from orbital GRS data, compared to values derived from GRS data acquired at the NEAR landing site.
Global Landing site (GRS) Global Meteoritesa
Best Fitb 2-σ Rangec (XRS) LL L H
Fe 24 wt% 18–34 wt% 20.9 ± 5.3 wt%d 29.5 ± 5.8 ewt%C 19.8 ± 1.9 wt% 21.9 ± 1.3 wt% 27.2 ± 2.4 wt%
K 600 ppm 20–1050 ppm 700 ± 280 ppmf – 840 ± 220 ppm 800 ± 170 ppm 730 ± 190 ppm
Th 60 ppb < 220 ppb – – 45 ± 3 ppb 43 ± 5 ppb 39 ± 4 ppb
a Mean and one-standard-deviation values for each petrologic class, derived from the meteorite database of Nittler et al. (2004).
b Value corresponding to the best ﬁt (χ2/ν closest to 1) model as compared to the measured spectrum.
c Modeled values that fall within χ2/ν < 2.
d Using an Fe/Si ratio of 1.19 ± 0.30 (Peplowski et al., 2015) and the mean OC meteorite Si abundance of 17.6, derived from the meteorite database of Nittler et al. (2004). Error is two
standard deviations.
e Using an Fe/Si ratio of 1.678 ± 0.330 (Lim and Nittler, 2009) and the mean OC meteorite Si abundance of 17.6. Error is one standard deviation.
f Reported by Evans et al. (2001).
Fig. 13. Least-squared ﬁt (χ2/ν) values for modeled gamma-ray spectra as compared to
the GRS-measured (residual) spectrum in the 1460-keV K gamma-ray peak region, as a
function of K concentration. Models were derived from the L-chondrite composition,
with varying K values to cover the full range of interest. The solid line connects the
individual data points and is not a ﬁt. The dashed lines show the 1- and 2-σ values, the
latter of which (χ2/ν < 2; 85% conﬁdence threshold) was used to determine the allowed K
concentrations.
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undiﬀerentiated objects like Eros, the surface and bulk K/Th are likely
the same, however secondary alteration processes may deplete near
surface materials of volatile and moderately volatile elements (e.g.
Kratcher and Sears, 2005). Our best-ﬁt K and Th concentrations yield a
K/Th ratio of 10,000, a value that is intermediate between the CI
chondrites (~20,000) and the terrestrial planets (~1000 to 5000). It is
important to note that the allowed range of global K and Th values
(Table 3) corresponds to K/Th ratios of 0–20,000, and that as a
consequence the global K/Th value reported here is not statistically
signiﬁcant.
4.4. Caveats and systematic uncertainties
The elemental concentration data presented here is an attempt to
derive useful information from a statistically limited dataset. A robust,
peak-by-peak analysis was not possible, nor was a detailed background
analysis. As a consequence, the results derived are subject to a number
of uncertainties, including:
1. Unresolved, overlapping peaks potentially resulting in overestimated
elemental concentrations. For example, here the 846-keV spectral
region is attributed entirely to Fe gamma-ray emissions, however
other contributions may be present. For instance, there is an 844-
keV gamma ray resulting from inelastic scattering on Al with an
intensity of order~10% of the Fe peak. These contributions are
included in our modeled spectra, however no explicit attempt was
made here to account for interfering gamma-ray peak(s) during the
χ2/ν analysis. Note that Peplowski et al. (2015) did account for those
backgrounds in their reanalysis of the NEAR GRS surface measure-
ments.
2. This analysis assumed that the spectral backgrounds sampled at
high altitudes are identical to those present in the low-altitude
measurements (NHA=1, see Section 3.4). This is despite the fact that
an NHA value of 1.03 is suggested by the “GCR_Flux” proxy (Section
3.4). The decision to adopt NHA=1 instead of NHA=1.03 was justiﬁed
on the basis of uncertainties in the relationship between the
“GCR_Flux” GCR proxy and the magnitude and shape of the GCR-
induced backgrounds sampled by the HA spectrum. These same
uncertainties may contribute an unquantiﬁed systematic uncertainty
to the residual spectrum, leading to a systematic uncertainty in the
interpretation of the GRS data.
3. Our modeled spectra required a normalization of 0.86 (~14%; see
Appendix A, Section A.5), which could be due to uncertainties in the
GCR solar modulation parameter, the use of an eﬀective spherical
shape for deriving the gamma-ray ﬂux as a function of altitude, and/
or assumption of a uniform nadir orientation through the LAF-B
observations. This normalization introduces a systematic uncer-
tainty in the derived elemental compositions that is not considered
in the interpretation of the GRS orbital results.
5. Discussion
5.1. Eros's relation to the ordinary chondrites
This work presents the ﬁrst global elemental composition measure-
ments from the NEAR GRS. The results, presented in Table 3, indicate
that the elemental composition of Eros' surface is consistent with that
of the LL, L, and H ordinary chondrites, volatile-poor carbonaceous
chondrites (CR, CV, CO), and the enstatite chondrites. Prior analyses of
NEAR datasets provided more stringent constraints and a smaller list
of possible matches. For example, McCoy et al. (2001) presented a
synthesis of NEAR geochemical data that ruled out carbonaceous
chondrites, the Ca/Si data of Nittler et al. (2001) ruled out enstatite
chondrites, and the reanalyses of NEAR XGRS data by Foley et al.
(2006) and Peplowski et al. (2015) ruled out H chondrites. In
summary, the only viable candidate meteorites matching Eros' mea-
sured surface composition are the L and LL chondrites, as concluded by
Foley et al. (2006) and Peplowski et al. (2015).
The precision of the orbital GRS Fe measurement is insuﬃcient to
resolve the disagreement between the XRS- and GRS-derived Fe
concentrations. The GRS global Fe concentration of 24 wt% (18–
34 wt% allowed range) corresponds to an Fe/Si weight ratio of 1.0–
1.9 using the mean OC Si abundance of 17.6 wt% derived from the
meteorite database of Nittler et al. (2004). Fe/Si of 1.0–1.9 is inclusive
of both the XRS global value (Fe/Si=1.7 ± 0.3, 1-σ error; Lim and
Nittler, 2009) and the NEAR GRS landing site value (Fe/Si=1.2 ± 0.3,
2-σ error; Peplowski et al. 2015). As a result, GRS orbital measure-
ments cannot be used to evaluate the claim that the XRS Fe/Si
measurements are biased by an uncorrected systematic uncertainty
(Peplowski et al., 2015).
The orbital GRS data are also insuﬃcient for evaluating whether or
not the GRS landed measurements, which were acquired within a
ponded regolith deposit (Veverka et al., 2001; Barnouin et al., 2012),
are representative of Eros' mean composition. Ponds on Eros are
smooth, ﬂat deposits of regolith that are known to be geomorphologi-
cally distinct relative to Eros’ mean surface. The origin of ponds is
unknown, but they have been suggested to be the result of electrostatic
migration and sorting of regolith grains (Robinson et al., 2001), a
possibility that suggests that they may also be chemically distinct from
mean Eros, particularly with respect to the ratio of metals to silicates.
The diﬀerence between the GRS landed Fe/Si and the XRS global Fe/Si
can be interpreted to support this hypothesis, although that interpreta-
tion ignores the possibility that the XRS-derived Fe values are
erroneous (e.g. Okada, 2004; Peplowski et al. 2015).
Finally, the global composition data derived here add to our
knowledge of Eros’ volatile content. The OCs have K concentrations
of ~800 ppm, K/Th values of ~20,000, H concentrations of ~0 to
1500 ppm (Jarosewich, 1990), and S concentrations of ~2 wt% (Nittler
et al., 2004). Eros has a global K concentration of 600 ppm (20–
1050 ppm full range; Table 3) and a landing site value of 700 ±
280 ppm (Evans et al., 2001), similar to but generally lower (by ~15 to
25%) than the K values measured in OCs. Similarly, Eros' global K/Th
value is lower than the OCs (~20,000), however as noted this value is
highly uncertain (Section 4.3.3). Eros' H concentration, at the NEAR
landing site, is 1100−700+1600 ppm, higher than the OC mean value
(Jarosewich, 1990) but within the 1-standard-deviation of the mean
(Peplowski et al., 2015). Finally, XRS results ﬁnd the surface to be
highly depleted in S (Trombka et al., 2000; Nittler et al., 2001; Lim and
Nittler, 2009), although Kracher and Sears (2005) suggested that this is
due to surﬁcial (depth < 100 µm) depletion of volatiles resulting from
Fig. 14. Least-squared ﬁt (χ2/ν) values for modeled gamma-ray spectra as compared to
the GRS-measured (residual) spectrum in the 2614-keV Th gamma-ray peak region, as a
function of Th concentration. Models were derived from the L-chondrite composition,
with varying Th values to cover the full range of interest. The dashed lines show the 1-
and 2-σ values, the latter of which (χ2/ν < 2; 85% conﬁdence threshold) was used to
determine the allowed Th concentrations.
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space weathering. Taken together, these results suggest that Eros has a
volatile (H and K) content similar to, but perhaps somewhat lower
than, the OCs, and that the signiﬁcant S depletion (Nittler et al., 2001)
is likely the result of space weathering and therefore limited to near
surface materials (depth < 100 µm).
5.2. Implications for future investigations of small bodies
Although the GRS did detect a gamma-ray signal from Eros during
the low-altitude ﬂyovers, the ~10 h of useful gamma-ray data was
insuﬃcient to provide a robust characterization of elemental chemistry.
For instance, the uncertainty in the Fe measurement was ± 5 wt%, but
a precision of ~1 wt% was required to discriminate between meteorite
subtypes (e.g. LL vs. L OCs). A factor of 5 reduction in statistical
uncertainties would require ~25 times more integration time –
corresponding to approximately 10 days of low-altitude measurements.
The NEAR GRS orbital data was sensitive to just six elements (Fe,
Mg, K, Th, H, Si), not all of which were diagnostic of meteorite
compositions (e.g. Si). Measurements of additional elements would
have required 1) longer integrations times, preferably at lower alti-
tudes, 2) lower spectral backgrounds (e.g. placement of GRS on a
boom), 3) and higher spectral resolution. The latter two conditions can
be achieved with diﬀerent GRS implementation schemes, speciﬁcally
placement on a boom and/or selection of diﬀerent sensors (e.g. high-
purity Ge, CsI, or CeBr3). Finding stable, low-altitude orbits around
irregularly shaped objects such as Eros is extremely challenging,
however elliptical orbits such as those used by NEAR during the low-
altitude ﬂyovers provide one possible workaround. The downside to
elliptical orbits is that they introduce a measurement duty cycle, given
that not all the data will be collected at the altitudes of interest, and
they often result in incomplete sampling of the target. For example, the
MESSENGER spacecraft orbited Mercury in a highly elliptical orbit
whose periapse was in the northern hemisphere, and as a result the
MESSENGER GRS only sampled the composition of Mercury's north-
ern hemisphere, and just ~45 m of each 12 h orbit was at altitudes < 1
body radius.
The NEAR GRS failed to meet its scientiﬁc objectives as a
consequence of its poor signal-to-background (intense spacecraft back-
grounds, poor spatial resolution) and the lack of a sustained, ≤1-body
radius orbit for the NEAR spacecraft (Trombka et al., 2001). Future
missions seeking to perform gamma-ray investigations of small solar
system objects should endeavor to include sensors with adequate
signal-to-background and suﬃcient ( > 10 days) measurement time at
low (≤1 body radius) altitudes in order to meet their mission objectives.
Placement of a GRS on a boom of comparable length to the spacecraft
bus provides signiﬁcant background reduction. GRS sensors should
have the highest energy resolution possible for a given mission
architecture, for example high-purity Ge sensors provide order-of-
magnitude improvement over scintillator, at the cost of needing the
resources to support a cryogenic cooler. In other scenarios, new
scintillators, such as CeBr3 or Cs2LiYCl6:Ce (CLYC), provide moderate
(~3 to 4% @661 keV) energy resolution without the need for cryogenic
cooling. In all cases, the energy resolution of these systems is superior
to the NEAR BGO detector.
Finally, anti-coincidence systems (ACS) are important for high-
altitude missions. An ACS vetoes events caused by penetrating
particles, in particular GCRs, which add to the spectral continuum
and therefore lower the signal-to-background of the system. Evans
et al. (The MESSENGER Gamma-Ray Spectrometer: Calibration and
Operations, in review with Icarus) detail the eﬀectiveness of the
MESSENGER GRS anti-coincidence shield as a function of altitude.
The data reveal that the system was highly eﬀective at reducing the
background continuum (factor of ~3 improvement at 3 MeV, factor of
~7 improvement at 7 MeV) at altitudes of 1-body radii. Lower altitudes
saw less improvement, as Mercury was obscuring a portion of the GCR
ﬂux, reducing this source of gamma-ray backgrounds.
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Appendix A. Gamma-ray production modeling
A.1 Overview
Elemental composition information for Eros was derived from a comparison of measured and modeled gamma-ray spectra. The modeled spectra
were produced for nineteen diﬀerent chemical compositions, each derived from a common meteoritic material (or lunar sample) that is broadly
representative of a candidate analog material for asteroid chemical composition (see Appendix B). The modeled spectra were produced from
simulations of energy and composition-dependent gamma-ray emissions from Eros, produced using the radiation transport code MCNPX (Section
A.2). The MCNPX-simulated gamma-ray emissions were propagated to the altitude of the spacecraft (Section A.3) and convolved with the response
of the BGO detector (Section A.4) to produce energy dependent count rates that are directly comparable to the GRS residual spectrum. Comparison
of modeled and measured data revealed the need for an empirical normalization (14% decrease in modeled count rates; Section A.5). These
normalized model spectra were used as a basis for deriving the elemental composition of Eros (Section 4.3).
A.2 Radiation transport modeling
GCR-induced gamma-ray production on Eros was simulated using MCNPX version 27d. MCNPX is a Monte-Carlo-based radiation transport
code that has a long history of successful application to nuclear spectroscopy measurements, including NEAR (Peplowski et al., 2015), Lunar
Prospector (Lawrence et al., 2004; Prettyman et al., 2006), MESSENGER (Evans et al., 2012), and Dawn (Prettyman et al., 2012). Eros was modeled
within MCNPX as an 8.4-km-radius sphere with a composition that was varied over the chemical compositions listed in Appendix B. The sphere was
irradiated with GCR protons whose energy spectrum was calculated following McKinney et al. (2006). Those authors reported a formalism for
calculating the energy dependent ﬂux of GCR protons as a function of the solar modulation parameter Φ. The Φ value used in the MCNPX modeling
was adopted from Usokin et al. (2011), who reported a Φ value of 881 MV for January 2001, inclusive of the LAF B timeframe. MCNPX generates a
uniform, 4π distribution of protons with an energy spectrum corresponding to that expected for Φ=881 MV. These GCR protons hit the surface of
model Eros and propagate through the subsurface. As they travel through the subsurface, GCRs interact with atomic nuclei and, through process
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called include nuclear spallation, they can liberate neutrons from atomic nuclei. These neutrons interact with nuclei in Eros’ subsurface materials
via scattering and absorption, processes that can result in gamma-ray production. Gamma-ray production probabilities (cross sections) are
imported into MCNPX from the ENDF/B VII library (Chadwick et al., 2011). MCNPX outputs the energy (E) dependent gamma-ray current – JM(E)
– at the surface of our model Eros.
JM(E) has units of photons per source particle per energy bin (0.5 keV
−1). The gamma-ray ﬂux at the surface of Eros – Φγ(E) – was calculated
from JM(E) as
Φ N F(E) = (J (E)/4.) [1 + (3.8 )]γ p αM (A.1)
where Np is the GCR proton ﬂux in units of protons cm
−1 s−1 and Fα is the GCR alpha particle (α) fraction. Np is calculated as a function of the solar
modulation parameter following McKinney et al. (2006), and Φ=881 MV yields an Np of 1.76 protons cm
−2 s−1. McKinney et al. (2006) also provide
an Fα value of 0.063 at Φ=1000 MV, the closest value they report to our adopted Φ value of 881 MV. Note that the factor of 3.8, which was ﬁrst
suggested by Masarik and Reedy (1996), is close to the value of 4 that is nominally expected if one considers an alpha particle (2 protons, 2
neutrons) to have an equivalent gamma-ray production capability as four GCR protons. JM(E) was divided by 4 to correctly specify the weight of the
GCR proton distribution modeled with MCNPX (McKinney et al., 2006).
JM(E) only included GCR-induced gamma-ray emissions. Gamma-ray emissions from the natural radioactive decay of radionuclides K and Th
were added to Φγ(E) by calculating the gamma-ray decay rates as a function of elemental concentration, following Peplowski et al. (2011). For the
prominent 1460-keV gamma ray from the decay of 40K, Peplowski et al. derived a surface ﬂux of 19.6 γ cm−2 min−1 wt%−1 K. For the prominent
2615-keV gamma ray from the decay of 232Th, Peplowski et al. derived a surface ﬂux of 11542 γ cm−2 min−1 wt%−1 Th. K and Th concentrations (see
Appendix B) were then used to estimate the gamma-ray ﬂuxes, which were added to JM(E).
A.3 Measurement at altitude
Φγ(E) represents the energy dependent gamma-ray ﬂux at the surface of Eros. For a spherical body, the gamma-ray ﬂux as a function of altitude
can be calculated on the basis that the total (integrated by area) gamma-ray emissions are constant, therefore the gamma-ray ﬂux at any altitude (h)
above the surface can be calculated from the surface ﬂux as
E h E h πR
π R h
Φ ( , ) = Φ ( , = 0) 4
4 ( + )
.γ γ E
E
2
2 (A.2)
Eqn. A.2 reduces the surface ﬂux by a factor that is proportional to the diﬀerence in the areas of two spheres with radii of RE (Eros' mean eﬀective
radius, 8.4 km) and RE+h (the mean eﬀective radius of NEARs orbit about Eros).
A.4 D. etector response
To produce a model spectrum (CM) for comparison to the data, Φγ(E) was convolved with the response of the BGO detector. There are two
components to the BGO response: 1) the energy dependent probability that a photon with energy Eγ will deposit an energy ED in the detector,
hereafter referred to as the “detection eﬃciency” and 2) the energy dependent accuracy with which the system records the energy deposited in the
detector, hereafter referred to as the “energy resolution”. With respect to the detector eﬃciency, the primary parameter of interest is the probability
that the GRS will record the full energy of the incident photon (ED=Eγ), which manifests in the GRS spectrum as the gamma-ray “photopeak”.
Peplowski et al. (2015) determined the energy dependent photopeak detection eﬃciency of the NEAR/BGO detector – ε(E) – through a combination
of laboratory measurements with the GRS engineering unit and radiation transport modeling following Peplowski et al. (2012). Those eﬃciency
values measured at an incidence angle of 0° were adopted for this analysis, which corresponds to the geometry in which the GRS boresight was
oriented toward Eros. This orientation is expected throughout the LAF measurements.
Gamma-ray “escape peaks” were also be included in the simulations. Escape peaks result from the production of electron/positron pairs within
the detector, and subsequent escape of one or both of the resulting (511 keV) annihilation photons. Accordingly, escape peaks are found at energies
of ED=Eγ −511 keV (the single-escape peak) and ED=Eγ −2×511 keV (the double-escape peak). Peplowski et al. (2015) used GRS surface
measurements to determine that GRS/BGO system has a single escape peak eﬃciency of 26% (relative to the photopeak) and a double-escape peak
eﬃciency of 4% (relative to the photopeak). Escape peaks are added to Φγ(E) as
Φ Φ Φ(E −511 keV) = 0.26 × (E ) + (E − 511 keV)γ γ γp p p (A.3)
Φ Φ Φ(E − 1022 keV) = 0.04 × (E ) + (E − 1022 keV)γ γ γp p p (A.4)
where Ep are the individual major peaks in the simulated spectrum with energies > 3 MeV. Lower energy photons are not eﬃcient at producing
electron position pairs. The escape-peak modiﬁed Φγ(E) is denoted Φ′γ(E).
The full-width half-maximum (FWHM; σF) energy resolution of the BGO detector was measured for the highest-count-rate gamma-ray peaks in
the LA spectrum. σF was then determined for arbitrary energies following the formalism of Prettyman et al. (2015), who derived the following
equation for the BGO sensor in Dawn's gamma-ray detector:
σ f e(E) = [1 + ] .g E EF − ( − )
−1
0 (A.5)
For NEAR/BGO, ƒ of 0.90 MeV, g of 0.59 MeV−1, and E0 of 3.9 MeV provide a good ﬁt to measured NEAR GRS σF(E) values. To convolve the entire
spectrum by the energy resolution of the GRS, a custom routine was written to spread out the counts in a channel over a Gaussian of width σF(E), a
process which is denoted here via the operator “Γ”.
The residual spectrum was derived from a sum of n low-altitude measurements, each accumulated over a preset integration time tn. The modeled
count rate spectrum Cγ(E) was derived from Φ′γ(E,hn), corrected for the eﬃciency – ε(E) – and response of the system – Γ(E) – by summing over all
altitude-corrected constituent spectra in the LA dataset and multiplying by the GRS cross sectional area (A) as
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C E
A Γ Φ E h ε E t
t
( ) =
∑ ( [ ′( , ) ( )] )
∑ ( )γ
n n n
n n (A.6)
where n is an index for each LA spectrum, which has a midpoint altitude of hn (in units of km) and a livetime-corrected accumulation time of tn (in
units of s). An A value of 243 cm2 was adopted for the BGO detector, which assumes that the GRS boresight axis is pointed at the sub-nadir point on
the asteroid for all LA measurements, a reasonably safe assumption given that all instrument were co-aligned and that images were collected
throughout the LAFs. Cγ(E) has units of counts (0.5 keV)
−1, therefore the ﬁnal step was to perform a linear interpolation of Cγ(E) to convert it to the
BGO spectra channel size of 9.770 keV ch−1.
A.5 Normalization
There is ample evidence that the elemental composition of Eros is consistent with the OCs (Trombka et al., 2000; Nittler et al., 2001; Evans et al.,
2001; Foley et al., 2006; Lim and Nittler, 2009; Peplowski et al., 2015), although the best-match OC petrologic subgroup is uncertain. The general
agreement between the OCs and Eros provides an opportunity to test the validity of the many corrections required to convert J(E) to Cγ(E) (see Eqs.
(A1)–(A6)). This is done by adopting a “mean” OC spectrum – derived as the average of the Cγ(E) derived from the LL, L, and H OC models – and
comparing it to the NEAR GRS residual spectrum. This mean OC simulated spectrum was iteratively multiplied by a single normalization factor, and
the reduced chi-squared (χ2/ν; Eq. (3)) value for each normalization was calculated from a portion of the spectrum (550 keV < Energy < 725 keV
and 1400 keV < Energy < 2500 keV). This energy range was chosen to include our spectral range of interest, but exclude the prominent Fe peak at
846 keV, which is a diagnostic feature of OC subtypes (see Section 4.3). A best-ﬁt normalization of 0.86 was identiﬁed, and all Cγ(E) are
subsequently multiplied by this factor (and denoted as C′γ(E)). Cγ(E) and C′γ(E) for the “mean OC” composition are compared to the residual
spectrum in Fig. A1. Note that Si is a major element with relatively small variability across the entire set of compositions considered here (Appendix
B), and for all cases (Figs. 8–11) the match between the modeled and measured Si gamma-ray emissions (1778 keV) is good (e.g. χ2/ν < 2). This
indicates that our use of the mean OC spectrum to derive the normalization does not predispose our results toward an OC-like composition.
The need to multiply Cγ(E) by 0.86 indicates that either the initial JM(E) values overestimate the gamma-ray current at the surface of Eros –
suggesting a limitation in the physics models within MCNPX – and/or that the normalizations used to produce Cγ(E) from JM(E) are imprecise.
Likely culprits are uncertainties in NP and Fα (Eqn. (A1)), although other correction factors (e.g. those in Eqn. A2) cannot be ruled our as
contributors. In particular, our treatment of Eros as a spherical body means that Eqn. A2 is approximate, and we assumed a nadir-pointing
orientation for all measurements. Note that the 14% magnitude of our correction factor is comparable to those derived for modeled neutron ﬂuxes
compared to Lunar Prospector Neutron Spectrometer (LPNS) measurements (12%, 18%; Lawrence et al., 2010).
The other normalization used in this analysis is NHA, the high-altitude spectrum normalization adopted to derive the residual gamma-ray
spectrum from the diﬀerence between the low – and high-altitude measurements following Prettyman et al. (2015). As noted in Section 3.4, an NHA
value of 1.03 is expected on the basis of the mean “GCR_Flux” values measured during the low – and high-altitude measurement intervals.
Uncertainties in the accuracy of “GCR_Flux” and its relationship to gamma-ray emissions motivated an examination of three diﬀerent NHA values
(see Fig. A2). That eﬀort led to the conclusion that NHA=1 was the most robust choice for this analysis (see Section 3.4 for details).
Appendix B. Meteorite compositions
The modeled gamma-ray spectra were produced for nineteen chemical compositions, listed in Tables B1 and B2. The compositions belong to
four classes:
1) ordinary chondrite meteorites (LL, L, and H),
2) enstatite chondrite meteorites (low-Fe, called EL, and high-Fe, called EH),
3) carbonaceous chondrite meteorites (Tagish Lake, CI, CM, CO, CR, CV, CH), and
4) diﬀerentiated objects, including achondrite meteorites from asteroid 4 Vesta (Diogenite, Basaltic Eucrite) and Mars (a Shergotty, a Nakhla, and
Zagami meteorite), and samples from the Moon (Apollo samples from the lunar highlands and mare regions – A16 and A11, respectively).
Fig. A 1. Modeled gamma-ray spectrum before (blue) and after (red) best-ﬁt normal-
ization (see Appendix B). Model represents the mean LL, L, and H chondrite gamma-ray
spectrum. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article).
Fig. A2. Residual NEAR GRS spectra, calculated from the low-altitude (LA) and high-
altitude (HA) spectra (Fig. 7) and Eq. (2). The high-altitude spectra normalization, NHA,
is shorthand for TC(LA)/TC(HA) in Eq. (2). The locations of gamma-ray peaks of interest
are labeled in grey. The data have been processed with a 10-channel-wide (~0.1 MeV)
boxcar smooth to aid the identiﬁcation of features in the spectra. For reference, note that
Fig. 7 shows raw and smoothed residual spectra for the NHA=1 scenario.
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For the chondrites, each composition (Table B1) was drawn averages reported from a large ( > 5000) set of analyses, therefore the model
compositions used in this analysis are thought to be representative of the respective classes (Lodders and Fegley, 1998). The exception is Tagish
Lake, for which the composition was derived from a single analysis (Brown et al., 2000). Note that Lodders and Fegley (1998) did not report H
concentrations for the OCs, whereas this work adopts the 1100 ppm H concentration derived for Eros by Peplowski et al. (2015).
Achondrite compositions (Table B2) were derived from two sources. For the lunar compositions, we used two distinct “end-members”, mare
basalts as sampled by the Apollo 11 (A11) mission, and plagioclase-rich highlands as sampled by the Apollo 16 (A16) mission. For these
compositions, elemental values were derived from the mean composition of the “soils and regolith breccias” collected at the respective landing site
(Haskin and Warren, 1991). The soils and regolith breccias are adopted because they are thought to be representative of the mean chemical
composition of the landing site. For vestan and martian compositions, represented by the HED and SNC meteorites, respectively, we adopt
elemental compositions from speciﬁc HED and SNC meteorites (Lodders and Fegley, 1998) as noted in Table B2.
When necessary, compositions were normalized relative to the source material on a uniform, per-element basis to ensure that the sum of all
elements was 100%. Rare-earth elements (REEs) are included in our reference compositions, despite the fact they produce no measurable gamma-
Table B1
Chondrite meteorite composition used in MCNPX modeling of gamma-ray emissions from 433 Eros.
Ordinary Enstatite Carbonaceous
LL L H EL EH CV CO CR CI CH CM Tagish Lake
H wt% 0.11a 0.11a 0.11a –b –b –b 0.07 –b 2.02 –b 1.40 1.50
C wt% 0.31 0.25 0.21 0.45 0.41 0.53 0.44 2.00 3.46 0.78 2.21 3.60
O wt% 39.69 37.72 35.33 32.29 29.14 37.25 36.82 38.93c 46.47 30.47c 43.35 45.41
Na wt% 0.01 0.0 0.00 0.02 0.04 0.34 0.42 0.33 0.50 0.18 0.39 0.45
Mg wt% 15.18 14.91 13.95 04.32 11.17 14.40 14.43 13.70 9.72 11.30 11.54 10.80
Al wt% 1.17 1.16 1.05 1.04 0.85 1.69 1.39 1.15 0.87 1.05 1.13 0.99
Si wt% 18.75 18.61 16.92 19.58 17.27 15.72 15.72 15.00 10.66 13.50 12.75 11.40
S wt% 2.08 2.20 1.98 3.23 5.83 2.21 2.19 1.90 5.42 0.35 2.71 3.80
Cl wt% 0.02 0.03 0.01 0.02 0.06 0.03 0.03 0.0 0.07 0.0 0.04 0.06
K ppm 873 920 772 729 874 362 358 315 551 200 371 650
Ca wt% 0.31 1.33 1.21 1.06 0.88 1.85 1.57 1.29 0.93 1.30 1.29 0.99
Ti wt% 0.07 0.07 0.06 0.06 0.05 0.09 0.07 0.05 0.04 0.07 0.06 0.05
Cr wt% 0.37 0.37 0.35 0.32 0.34 0.35 0.35 0.34 0.27 0.31 0.31 0.28
Mn wt% 0.26 0.26 0.23 0.16 0.22 0.15 0.16 0.17 0.19 0.10 0.17 0.15
Fe wt% 19.65 21.76 26.92 25.83 31.74 23.66 24.88 23.80 18.23 38.00 21.38 19.30
Ni wt% 1.05 0.24 1.69 0.53 1.91 1.33 1.41 1.31 1.10 2.57 1.23 1.16
Sm wt% 2.03×10−5 2.03×10−5 1.92×10−5 1.55×10−5 1.46×10−5 3.0×10−5 2.49×10−5 2.3×10−5 1.50×10−5 1.85×10−5 2.05×10−5 1.90×10−5
Eu wt% 7.74×10−6 8.00×10−6 7.32×10−6 5.62×10−6 5.41×10−6 1.1×10−5 9.55×10−6 8.0×10−6 5.71×10−6 7.60×10−6 7.83×10−6 7.20×10−6
Gd wt% 2.88×10−5 3.17×10−5 2.72×10−5 2.04×10−5 2.19×10−5 4.1×10−5 3.88×10−5 3.2×10−5 2.00×10−5 2.90×10−5 2.91×10−5 2.40×10−5
Th ppb 47 42 38 40 31 58 80 42 29 –b 41 40
U wt% 1.49×10−6 1.50×10−6 1.29×10−6 7.29×10−7 9.57×10−7 1.71×10−6 1.79×10−6 1.3×10−6 8.01×10−6 –b 1.20×10−6 8.00×10−7
aValue (1100 ppm) adopted from Eros’ H concentration as derived by Peplowski et al. (2015).
b ”–“ indicates no data listed in Lodders and Fegley (1998), and that a value of 0 was adopted for the MCNPX modeling.
c No value reported by Lodders and Fegley (1998), therefore the values listed was derived from elemental closure (e.g. the sum of all elemental concentrations must equal 100%).
Table B2
Achondrite meteorite compositions used in MCNPX modeling of gamma-ray emissions from 433 Eros.
Vesta Moon Mars
Diogenite (Johnstown) Basaltic eucrite (Juvinas) Mare (A11) Highlands (A16) Shergotty Nakhla Zagami
H wt% –b –b –b –b –b –b –b
C wt% 0.0 0.0 0.0 0.0 0.05 0.03 0.0
O wt% 42.89 43.11 42.54 45.96 42.42 41.33 42.48
Na wt% 0.32 0.32 0.35 0.35 1.03 0.34 0.91
Mg wt% 4.22 15.9 4.78 3.62 5.58 7.30 6.80
Al wt% 6.90 0.79 6.66 14.41 3.64 0.89 3.20
Si wt% 22.97 24.44 19.63 20.98 24.00 22.70 23.60
S wt% 0.15 0.27 0.0 0.0 0.13 0.03 0.19
Cl wt% 0.0 0.0 0.0 0.0 0.01 0.18 0.01
K ppm 25 328 1369 800 1440 1070 1170
Ca wt% 7.66 1.07 8.39 10.41 6.86 10.50 7.50
Ti wt% 0.37 0.07 4.76 0.32 0.49 0.20 0.47
Cr wt% 0.18 0.53 0.0 0.0 0.14 0.18 0.23
Mn wt% 0.40 0.40 0.0 0.0 0.40 0.38 0.39
Fe wt% 13.90 13.10 12.75 3.87 15.10 16.00 14.10
Ni wt% 0.0 0.0 0.0 0.0 0.01 0.01 0.0
Sm wt% 1.62×10−4 8.0×10−6 1.38×10−3 3.50×10−4 1.47×10−4 7.70×10−5 1.11×10−4
Eu wt% 1.62×10−4 8.0×10−6 1.70×10−4 1.10×10−4 6.00×10−5 2.40×10−5 4.75×10−5
Gd wt% 2.29×10−4 0.0 1.80×10−3 1.14×10−3 2.54×10−4 8.60×10−5 0.0
Th ppb 20 297 2340 1600 380 200 370
U wt% 1.23×10−5 1.2×10−5 5.20×10−5 4.00×10−5 1.05×10−5 5.20×10−6 1.20×10−5
b”–“ indicates no data listed in the source material (Lodders and Fegley, 1998; Haskin and Warren, 1991), and that a value of 0 was adopted for the MCNPX modeling.
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ray emissions (at these low concentrations). This is because their high neutron-absorption cross sections can result in signiﬁcant changes to the
gamma-ray inducing neutron ﬂux within the regolith, and therefore variations in REE content have the ability to modify the shape of the modeled
gamma-ray spectra.
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